ABSTRACT: Europium speciation is investigated by time-resolved luminescence spectroscopy (TRLS) in the presence of Suwannee River fulvic acid (SRFA). From complexation isotherms built at different total Eu(III) concentrations, pH values, ionic strength, and SRFA concentrations, it appears that two luminescence behaviors of Eu(III) are occurring.
INTRODUCTION
The use of rare earths, and particularly the lanthanides (Ln), is increasing in modern industry. 1 Their importance in the understanding of geochemical processes, the presence of radioisotopes of lanthanides in spent nuclear fuels and radioactive wastes, and their analogy with some actinides (An) under the +III oxidation state, justify a better understanding of their environmental chemistry in waters, soils, and sediments.
Humic substances (HS), mainly composed of humic (HA) and fulvic (FA) acids are one of the main component of aquatic and soil ecosystems and are known to play an important role in the binding and transport of trace metals such as Ln(III). [2] [3] [4] Because of their strong interactions with surfaces 5 and their colloidal properties, 6 HS may affect Ln(III) either by supporting their mobility in water, or by limiting their migration in soils and sediments.
chemical environment, 11 and to the amount of water molecules in the first hydration sphere. 12, 13 This information can be obtained both from the evolution of the luminescence spectrum and from the decay time. This has been the basis of a vast literature on the interaction between Ln-An(III) and HS. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Particularly, it has been shown that coordination structure around a metal ion is continuously modified by HS complexation when pH is varying. 20, 28 Time resolution of the luminescence signal, through time-resolved luminescence spectroscopy (TRLS), was used to obtain complexation constants as well as structural properties.
The complexation strength of Ln(III) by HS can be considered relatively homogeneous within the series, [29] [30] [31] in agreement with the strong proportion of oxygen containing functionalities of HS.
30,32
Milne et al. 33, 34 proposed generic complexation data for Ln(III) and An(III) in the framework of the NICA-Donnan model, but the great diversity of the reported studies, and the inherent heterogeneity of the different HS samples used throughout these studies led to some problems, particularly the proposed parameters for An(III), but also between Ln(III). As an example, Milne et al. 34 proposed different median affinity constants, log 10 K͂ M n+ ,i, for Am(III) and Cm(III), which is relatively surprising knowing the strong analogy between these two actinides(III), particularly regarding HS interactions. 18 The correlation between NICA-Donnan parameters- Figure 1 of Milne et al. 34 -and the first hydrolysis constants of the metals, log 10 *β°1, also exemplify this problem: Am(III) and Cm(III) are supposed to have comparable log 10 *β°1 ≈ -7, 35 when Am(III) appears close to UO 2 2+ -log 10 *β°1 viz. -5.8 in Figure 1 of Milne et al. 34 and log 10 *β°1= -5.25 in Guillaumont et al. 35 . Furthermore, the particular interaction of HS with metals vs. pH, CO 3 2-and oxalate concentration, etc., led to the proposition of the formation of ternary complexes, 20, [36] [37] [38] [39] [40] which are not always necessary to interpret experimental data within the framework of NICA-Donnan 23, 25, 41 or Model VI-VII, [42] [43] [44] but was sometimes proposed nevertheless. 39, 40 Cations are able to bridge two different polymer molecules, 45 and this supramolecular association increases with cation valence. 46 Supramolecular associations of HS are also known. 47 The effect of cations on these supramolecular structures was suggested 48 but needs further works. [49] [50] [51] [52] Nevertheless, the effect of Eu(III) on the aggregation of HA was shown, [53] [54] [55] 24 We will take advantage of the luminescence properties of Eu(III) to characterize the Eu(III)-FA complexation and to evaluate its chemical environment using TRLS. 33, 34 are recalled in Table S1 of the Supporting Information (SI). to use this evolution as a spectral titration curve. 60 The evolutions of the asymmetry ratio mg SRFA /L at pH 6, and C SRFA < 20 mg SRFA /L at pH 7-until a plateau seems to be reached. This evolution reflects the typical luminescence evolution of Eu(III) complexed by organic compounds. 5, [64] [65] [66] Second, after the plateau the asymmetry ratio keeps on increasing with C SRFA .
MATERIALS AND METHODS

REAGENTS AND CHEMICALS
Chung et al. 21 reported a decrease in the asymmetry ratio after the plateau with increasing C Eu(III) in the case of a soil FA, but we interpret this evolution as the saturation of their humic extracts and the increase of the proportion of free Eu in the system. F 2 evolution are merging in Figure   1 -, the τ 2 value is increasing up to ca. 180 µs whatever the C Eu(III) . This is the typical comportment of Eu(III) complexed by HS, which can be interpreted as the substitution of inner-sphere water molecules by SRFA functionalities. The τ 2 value ca. 175 µs is in agreement with the evolution observed for Eu-HS complexes. 24 The application of the relationship from Kimura and Choppin , the validity of which has not been demonstrated up to now in these systems.
EFFECT OF IONIC STRENGTH.
In order to improve the understanding of the second mode in the complexation isotherms, we performed experiments at pH 7 and various ionic strengths (I = 0.02, 0.1, and 0.5 M NaClO 4 ), which asymmetry ratios' evolutions are shown in Figure 2 . First, before the plateau, i.e., < 10 mg SRFA /L, the complexation is decreasing as expected with ionic strength, 10,69 whilst a reverse influence is shown at higher C SRFA . This second part, where the peak area ratio is still increasing, means that the chemical environment of Eu(III) is ionic strength dependent. If one considers that the decrease of the asymmetry ratio with ionic strength at low C SRFA indicates a typical weaker binding, 18, 69, 70 then one can also consider that the increase in asymmetry ratio at higher C SRFA with ionic strength indicates a stronger binding environment. This was never reported in previous studies focusing on metalorganic matter speciation. Figure S4 of the SI). 60 The asymmetry ratio evolves with the metal to SRFA concentration ratio. When SRFA is not present in the system, the asymmetry ratio is the one for the Eu(III) aquo-complex. When the asymmetry ratio is reaching a plateau at pH 4 ( Figure S4 of the SI), this suggests that all of Eu(III) is complexed to SRFA. This evolution is used as a spectral titration curve to calculate proportions of Eu(III) bound to SRFA (Figure 3a) . 60 At pH 6, the existence of a plateau is less clear (Figure 1b are used at pH 6 and 7 to adjust the parameters for the high proton affinity sites S 2 .
The proportion of Eu(III)-SRFA complex for C Eu(III) of 0.5, 1, and 10 µM at pH 4, 6, and 7, and the modeling of Eu(III) bound to SRFA are shown in Figure 3 . NICA-Donnan parameters for proton and Eu(III) binding to SRFA used in the model are presented in Table S1 of the SI. The model is slightly underestimating the complexation for C Eu(III) = 0.5 µM at pH 4, but it is still in fair agreement with experimental data. It is worthy to notice in Table S1 of the SI that compared to generic parameters, Eu(III) complexation by SRFA is less important-lower log 10 KẼu 3+ ,1-and the distribution is more heterogeneous for S 1 sites-lower nEu3+,1-, and that the complexation is stronger and less heterogeneous for S 2 sites-higher log 10 KẼu3+,2, and higher nEu3+,2. Milne et al. 34 proposed correlation between nMn+,i and nMn+,i×log 10 KMn+,i vs. log 10 *β°1. As it can be anticipated from the very little difference between the simulations using generic parameters 34 and the modeling of our data, it can be seen in Table S1 of the SI that nEu3+,1×log 10 KẼu3+,1 are in good agreement. Nevertheless, -11 -it seems that nEu3+,2×log 10 KẼu3+,2 is higher in our case leading to a slightly higher complexation than anticipated. Table S1 of the SI.
Eu(III)-SRFA INTERACTIONS.
It was possible to satisfactorily describe Eu(III)-SRFA interactions that occur in the first parts of the isotherms with the NICA-Donnan model. The increase in asymmetry ratio at higher C SRFA with ionic strength (Figure 2 ), which indicates a change in the complexation environment, still needs to be cleared. The influence of varying metal concentration with constant HS concentration-see
Hummel et al. 70 and references therein-is directly accounted for within the NICA-Donnan model, 71 and is not in play here. Assumptions are made, which may not necessarily exclude each other, regarding this original asymmetry ratio evolution at the higher C SRFA : (i) it may correspond to the formation of another type of complex, e.g., strong sites vs. weak sites or a 1:2 complex [72] [73] [74] ; (ii) and/or A possible explanation may rely in the influence of ionic strength on complexation and adsorption.
Following the Debye-Hückel theory, the decrease in complexation with ionic strength at low C SRFA is in line with the evolution of the activity coefficient with the reciprocal of the Debye length (). 75 This indicates that at low C SRFA the complexation occurs with rather isolated functional groups in the SRFA structure. At higher C SRFA one can consider the interaction between SRFA entities as supramolecular associations of fulvic acid particles. 47, 49 The variation of the hydrodynamic radius (R H ) with ionic strength of the smallest entities of HS, including SRFA, has given contrasted results. 76, 77 When d'Orlyé and Reiller 77 did not evidence a clear increase in R H with ionic strength at pH 10 in Taylor dispersion analysis, Domingos et al. 76 reported a small decrease of diffusion coefficient of SRFA-small increase in R H -with ionic strength between pH 2 and 8 in fluorescence correlation spectroscopy. This latter result was interpreted as a reduction of both intramolecular and intermolecular repulsion. Decreasing intramolecular repulsion will lead to molecular compression, while decreasing intermolecular repulsion can increase aggregation. It has also been shown that contrary to simple organics-and commonly to polyelectrolytes 78, 79 -, adsorption of humic substances onto minerals is increasing with ionic strength. 5, 80 Even if this effect is much weaker for FA compared to HA, 81 this means that HS entities in general can approach at shorter distances to each other in solution with increasing ionic strength. Following the Gouy-Chapman theory, Eu(III)-bearing SRFA entities can more easily approach each other with increasing ionic strength. The second part of the asymmetry ratio increase could therefore be due to the formation of complexes with higher stoichiometry between complexation sites that are not located on the same HS entity or "particle". This suggests that there might be electrostatic driven interactions between fulvic acid sites in particles that are typically complexing Eu(III)-intra-particulate complexation mode-, and form Eu(III)-bridged complexes in the second part of the asymmetry ratio evolution-inter-particulate complexation mode. We can also notice that in complexation isotherms at pH 7 and various ionic strengths ( Figure 2 ) the metal to ionized FA sites concentration ratio equals 10 at the boundary between the two-luminescence modes. In the second mode, we can assume that Eu(III)-bridged complexes are formed because of the decreasing metal to ionized FA sites concentration ratio. and would require either complete rewriting of the models, or adaptation of the existing models to
this not yet noticed effect.
Within the NICA-Donnan model framework, the Donnan volume V D is optimized to build the acid-base titration master curves. It decreases with ionic strength following an empirical relationship. 62 The Donnan potential ψ D inside this volume is assumed negative and constant inside, and nil outside the particle-or water-permeable Donnan gel. It can be calculated from the ratio of the activity of ions inside and outside the Donnan gel, and from the charge density inside the gel, so 
